Abstract: During vegetative period 2004-2005 powdery mildew (Erysiphe graminis DC. f. sp. hordei Em. Marchal) field resistance of spring barley cultivars was investigated at the Lithuanian Institute of Agriculture. The spring barley genotypes tested were Lithuania-registered cultivars, cultivars from genetic resources collection, and the new cultivars used for initial breeding. In total, 23 resistance genes were present in the 84 cultivars studied. Among mono-genes only mlo and 1-B-53 showed very high resistance. Slight powdery mildew necroses (up to 3 scores) formed on cultivars possessing these genes. The maximal powdery mildew (PM) severity reached a score of 8.5 and the area under disease progress curve (AUDPC) a value of 1216.8. The cultivars 'Primus', 'Astoria', 'Power', 'Harrington' and 'Scarlett' were the most resistant among the non mlo cultivars. Severity of PM on 'Primus' reached a score of 3.5 (3.0 of PM necrosis) in average, the other cultivars were diseased from 4.5 (3.0) to 5.0 (2.0). The AUDPC values for these cultivars except 'Scarlett' were the lowest (85.0-145.3) among the other cultivars. The highest contrast in development of the other leaf diseases was between highly resistant and susceptible to PM cultivar groups. The fast development of PM depressed development of the other diseases 4.7 times.
Introduction
Numerous investigations have been done on the effectiveness of the spring barley powdery mildew (PM) (Erysiphe graminis DC. f. sp. hordei Em. Marchal) resistance genes in laboratory conditions. The research on the level of the actual resistance under the field conditions is less frequent (Collins et al. 2002) . The relationship between biotrophic and necrotrophic pathogens is the least studied (Vollmer 2005) . The use of host resistance to control spring barley PM is the most common and acceptable tool of sustainable agriculture. Racespecific resistance genes, following the gene-for-gene relationship, have been used extensively in breeding, but only one mutation is generally needed for a pathogen to change from avirulence to virulence. Another type of resistance -partial resistance is characterized by a compatible interaction in all growth stages, but a lower infection frequency, a longer latent period, or a lower rate or a shorter period of a spore production (Jørgensen 1994) .
History of the barley resistance breeding consists of periods when resistant cultivars with the novel and effective genes quickly replaced older widely grown but susceptible cultivars. In all cases such new cultivars became susceptible and again were replaced with more modern and resistant cultivars. This situation continued until the wide introduction of the mlo gene alleles to practical use, which has been highly effective for nearly three decades (Jørgensen 1992 ). Information about partial resistance of barley to PM is not sufficient. This knowledge is important because it is difficult to assess this resistance type in cultivars with mlo genes. If these genes become inefficient, barley growers again should use more fungicides. One of the ways to determine the level of partial resistance is to test the cultivars under field conditions and assess development of diseases from its appearance up to the end of the growing season. The main reason why partial resistance does not accumulate in barley as efficiently as in wheat is a much higher number of mono-genes in barley compared to wheat. Resistance breeding, based on mono-genes is less time and labour consuming. Nevertheless, such type of resistance is efficient only for a short period (3-5 years) after the cultivars with such genes have been grown on a large scale (Collins et al. 2002; Dreiseitl 2003) .
The study was designed to assess the effectiveness of spring barley PM resistance genes and the level of partial resistance and interaction of PM with a complex of the other leaf diseases.
Material and methods
The experiment was set up in the spring barley breeding nurseries with natural disease infection at the Lithuanian Institute of Agriculture (LIA) during vegetative pe- Extract, 5.5 ± 0.7 2.5 ± 0.7 158.6 ± 64.6 5.1 ± 0.1 166.8 ± 21.6 Ri, Hu4, IM9, Tu2
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The diseases were assessed from developing of flag leaf (BBCH 37-39) to late milk development (BBCH 77). The severities of diseases were measured in scores, using the scale: 1 (disease severity 0.0% ), 2 (0.1%), 3 (1.0%), 4 (5.0%), 5 (10%), 6 (20.0%), 7 (40.0%), 8 (60.0%), 9 (80.0%).
All leaf diseases were assessed during the experiment. PM, PM necrosis (nec) were assessed and statistically evaluated separately. The complex of the other leaf diseases consisted mainly of net blotch (Pyrenophora teres Drech.), scald (Rhynchosporium secalis (Oudem.) J. J. Davis) and ramularia leaf spot (Ramularia collo-cygni Sutton & Waller). Spot blotch (Bipolaris sorokiniana (Sacc. in Sarok.) Shoem.), Septoria speckled leaf blotch (Septoria passerinni Sacc.), leaf rust (Puccinia hordei Otth) and physiologic spotting were minor and composed only a few percent of the whole complex of the other diseases.
The area under disease progress curve (AUDPC) was calculated as the total area under graph of diseases severity against time, from the first scoring to the last:
where t is time in days of each reading, y is the percentage of affected foliage at each reading, and n is the number of readings (Campbell & Madden 1990) .
The relationship of severities and AUDPC of the diseases screened were compared as Pearson's correlation coefficients, which were evaluated for significance.
Results

Efficiency of resistance genes
In total, 23 resistance genes were present in the 84 cultivars studied: 1-B-53, Ab, Al, Ar, At, HH, Hu4, IM9, Kr, Kw, La, Ly, MC, Mli, mlo, Ri, Ru, Ru3, Sp, St1, St, Tu2, We. The most frequent were genes mlo (27.4%), We (20.2%), La (15.5%), Ru (11.9%), Ar (10.7%), 13.1% of cultivars were without mono genes. The rapid development of PM on the most susceptible cultivars indicated a favourable environment for the disease development in [2004] [2005] . The maximal PM severity reached a score of 8.5 and AUDPC value of 1216.8 (Table 1) . However, the maximal value of AU-DPC was on the cultivar with PM severity with a score of 8.0 (3.5). Only genes mlo and 1-B-53 were highly efficient, although some slight necrosis (up to the score of 3.0) formed on the cultivars with these genes. No noticeable differences were observed for necrosis formation on cultivars with mlo gene (scores ranging from 1.0 to 2.5) compared with the genotypes possessing other than mlo genes (scores ranging from 1.5 to 3.0). Cultivars 'Primus', 'Astoria', 'Power', 'Harrington' and 'Scarlett' were the most resistant among the non mlo cultivars. The severity of PM on 'Primus' reached a score of 3.5 (3.0 of PM nec) in average, the other cultivars were diseased from 4.5 (3.0) to 5.0 (2.0) on the score scale. The AUDPC values for these cultivars except for 'Scarlett' were the lowest (85.0-145.3) among the other cultivars. The highest PM severity with a score of 8.5 and with a 2.5-3.5 score of necroses was on cultivars 'Vortex', 'Thuringia', 'Idumeja', Diamand', 'Vilniečiai'. However, the maximal AUDPC values were on cultivar 'Gausiai' (1216.8) with a PM score of 8.0.
Cultivars with the same resistance gene or genes were infected very differently. The effectiveness of genes in the cultivars tested depended on the genetical background of individual genotype. For example, cultivars with St gene were medium resistant -medium susceptible, the lowest score recorded was 5.0 (2.0) for 'Scarlett' with genes St and We. The highest PM score was obtained for 'Tocada' (St, We) 5.5 (4.5). The gene St was investigated only in three cultivars, therefore it is complicated to infer that it was inefficient at all. The gene Al was clearly useless, because the least damaged cultivar was 'Astoria' PM with a score of 4.5 (2.0), AUDPC value 102.7 and the most 'Vortex' (Al, La) 8.5 (2.5), AUDPC value 924.2. Susceptibility of cultivar 'Vortex' proves inefficiency of gene La, too.
Formation of PM nec on cultivars without mono genes was the most intensive. These cultivars were covered by PM nec from 2.5 to 6.5 on the score scale. Whereas cultivars with mono genes were covered by PM nec from 1.0 to 4.5 on the score scale. Higher formation of PM nec on cultivars without mono genes might have depended on faster development of PM which in some cases might have been inhibited in early development stages due to deficiency of available nutrients for colony formation.
Correlation of PM with the other leaf diseases PM severity as well as AUDPC value of PM and PM nec correlated moderately negatively (r = −0.52*, r = −0.50*) with the development of the other leaf disease complex (Table 2 ). The correlations between PM severity and AUDPC value as well as severity of the other leaf diseases and AUDPC were found highly significant (r = 0.89**, r = 0.83**). However, these relationships do not reveal which diseases negatively affected the other diseases. Further analysis reveals which diseases are more aggressive in exploitation of spring barley leaf surface.
PM interaction with the complex of the other diseases
To reveal the interaction of PM with the other leaf diseases the tested cultivars were divided into four groups according to their response to PM. The first group consisted of cultivars with the highest resistance, with a PM score of 1.0. The second group included medium resistant cultivars with a PM score less then 6.0. The medium susceptible cultivars were diseased from the score of 6.0 to 7.0, and susceptible cultivars were with PM damage higher than the score of 7.0. Results in Figure 1 show that the severity of the other leaf diseases complex reached the maximal value (18.4%) in the group of cultivars with high resistance to PM (Fig. 1A) . Higher PM severity negatively influenced the development of the other diseases in the other resistance groups. Even average severity 12.8% of PM and PM nec decreased severity of the other leaf diseases almost twice (Fig. 1B) . However, the higher PM severity (average 29.4%) depressed other diseases only up to 7.7% or 2.4 times compared to the first group of cultivars (Fig. 1C) . The highest contrast in the development of the other leaf diseases was between highly resistant and susceptible to PM cultivar groups. The fast development of PM depressed development of the other diseases 4.7 times (Fig. 1D ).
Discussion
Our experimental evidence suggests that noticeable effect of resistance genes in the cultivars tested was revealed when the cultivars contained mlo and 1-B-53. If cultivars are compared by value of AUDPC, the most resistant cultivar without mono genes is 'Tolar'. Therefore, it is likely that all resistance genes in cultivars with higher AUDPC value are inefficient. We can suppose that they can protect cultivars only for a short period of time from the start of the intensive spread of PM pathogen spores until the occurrence of virulent pathotypes (Dreiseitl 2003) . Resistance of cultivars with lower value of AUDPC could depend on the combination of both resistance types. The analysis of efficiency of the same genes in different cultivars shows that possibly only gene At could contribute some efficiency, in the case of variety 'Primus'. Having compared value of AUDPC for 'Primus' (85.0) and for 'Astoria' (102.7) with inefficient gene Al we can see that differences in AUDPC are very small. Therefore, resistance of 'Primus' could depend more on a very high partial resistance level than on low virulence of PM pathogen to gene At. Resistance of all other cultivars with lower value of AUDPC then 'Tolar' depended on partial resistance but not on the effect of mono genes. This statement is based on the presence of resistance genes in cultivars with high value of AUDPC (Jørgensen 1994) . Such contrasts are seen when cultivars with the same mono genes but different PM scores and AUDPC are compared. The example comparisons can be: 'Harrington' (We) AUDPC value of PM 141.1 and 'Vilniečiai' (We) 1162.4; 'Extract' (La, Ru) AUDPC 158.6 and 'Üla' (La, Ru, Ru3) AUDPC 1075.3 and others.
Due to the relatively late start of PM and the other diseases there were no possibilities to screen adult plant resistance (APR). Assessments of the diseases were started from flag leaf development (BBCH 37-39), which is a critical point in expression of APR (Heun 1986) . The low PM infection pressure at early spring barley development stages resulted from the small area under winter barley (no more than 10000 ha) compared with spring barley (more than 300 000 ha) in Lithuania. These facts show that the main source of inoculum comes from stubble and straw residues on soil surface and are highly genetically polymorphic. Immigration of inoculum from the neighbouring countries is important as a source of new virulence genes.
Although the gene mlo is widespread, and the frequency of the other resistance genes in spring barley cultivars decreased, it did not exert any appreciable effect on the spectra of virulence of PM pathogen. It is likely that the decrease of available host even increased the number of virulence genes in pathogen genotypes, which allowed it to compete better within populations for residual hosts. In total, the cultivars investigated possessed 23 resistance genes individually and in combinations. Therefore a large number of resistance genes imply that the local population of PM should be very diverse. The data about virulence of PM pathogen in the neighbouring states prove this proposition (Gacek et al. 2004; Hovmøller et al. 2000; Kokina & Rashal 2002; Rashal et al. 2004) . Differences in distances between populations and relief peculiarities are not highly important for homogeneity of populations of powdery mildew pathogen (Slováková et al. 2004) . The majority of investigations on cereals resistance to fungal diseases under field conditions are focused on screening for resistance to one of the pathogens. Scarce publications analyze all complex of leaf diseases (AlNaimi et al. 2005) . If screening of spring barley cultivars resistance to some disease under natural infection is done without paying attention to possible negative or positive influence of other diseases the actual resistance level can be masked by the impact of the other pathogens. Our results confirmed this possibility and revealed that PM is a more aggressive pathogen on spring barley under natural field infection.
